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ABSTRACT
STRIPED BASS POPULATION GENETIC STRUCTURE AND BAIT PANEL
DEVELOPMENT FOR MIXED STOCK ANALYSIS
by
Kristopher J. Wojtusik
University of New Hampshire, September, 2021
The delineation of genetic stock structure and population connectivity are key
components in the effective management of exploited fishes, and in preserving the
biocomplexity of populations which is critical for maintaining a species resilience to
environmental and anthropogenic pressures. The information gained from identifying the genetic
structure among populations is important for ensuring that the spatial scale of management
makes biological sense, for identifying genetically compatible individuals to be used in stocking
and supplementation efforts, and for use in population assignment methods. This body of
research focuses on delineating the genetic stock structure of Striped Bass (Morone saxatilis) and
building a genetic panel capable of assigning unknown individuals to a population of origin, in
order to provide a highly accurate tool for fisheries management. In Chapter 1 I determine the
population genetic structure among nine spawning locations of striped bass in the US and
Canada and evaluate the power of my genetic data to assign individuals to their spawning river
of origin. In Chapter 2, I build and validate a sequence capture panel to be used for conducting
mixed stock analyses on striped bass.
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CHAPTER 1
POPULATION GENETIC STRUCTURE OF MIGRATORY STRIPED BASS1
Abstract
Striped Bass (Morone saxtilis) is an anadromous teleost with a native range extending North
from the Gulf of Mexico into Canadian waters. While all individuals across the range spawn
annually in fresh to brackish water between the months of April and June, populations from the
Albemarle Sound, North Carolina, to the Hudson River, New York, undertake an annual feeding
migration to coastal waters around the northeast US, and can go as far north as the Bay of Fundy.
These migrating individuals form mixed stocks that support one of the most popular recreational
fisheries in the United States. The most recent stock assessments conducted by the Atlantic
States Marine Fisheries Commission found Striped Bass populations to be in decline. The ability
to 1) genetically distinguish between spawning groups and 2) assign individuals to their river of
origin may provide managers with a tool for targeted management actions. Previous work has
used a variety of genetic approaches and had varying success at meeting these objectives. This
study used 438 individuals sampled from 7 spawning locations within the migratory range of
striped bass in the U.S. and 2 locations in Canada, in a next-generation sequencing approach to
determine the population genetic structure of striped bass. We found the two Canadian
populations, the Shubenacadie and Miramichi, to be genetically distinct from the U.S.
populations, and from each other. Using neutral loci US groups could be divided into 4
genetically distinct populations: the Roanoke River, Hudson-Kennebec River, the Upper
Chesapeake-Potomac-Delaware River, and the Choptank River. Outlier loci further differentiated
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the Delaware River from the Chesapeake Bay groups, providing evidence of putative adaptive
differentiation.

Introduction
The delineation of genetic stock structure is necessary for effective management of
exploited fishes (Palsboll, Berube, and Allendorf 2007). Fisheries management that aligns with
biological population structure aids in preserving the biocomplexity of the fishery resource,
which is critical for maintaining resilience to environmental and anthropogenic pressures
(Hilborn et al. 2003). Knowledge of population genetic structure is important for ensuring that
the spatial scale of management makes biological sense (Reiss et al. 2009), for identifying
genetically compatible individuals to be used in stocking and supplementation efforts (Ward,
2006), and for use in real-time genetic stock identification for the management of mixed-stock
fisheries (Flannery et al. 2010; Dahle et al. 2018). Delineating genetic structure among
populations that have recently diverged or have ongoing gene flow is challenging, due to the
high resolution needed to detect subtle genetic differentiation (Martinez et al., 2018). Prior to the
genomics era, traditional genetic markers, such as microsatellites, lacked the resolution needed to
discriminate among these subtle population differences (Hess et al., 2011).
Advances in sequencing technologies and techniques such as restriction site associated
DNA sequencing (RADseq; Baird et al. 2008) provide the ability to randomly sample hundreds
to thousands of single nucleotide polymorphisms (SNPs) distributed across an organism’s entire
genome. RADseq and other reduced representation sequencing approaches (e.g., Campbell et al.
2018) have become relatively common place in fisheries management and have proven useful in
discerning subtle population structure in many marine (Benestan et al. 2015; Vendrami et al.

2

2017; Drinan et al. 2018; Jenkins et al. 2019) and freshwater species (Chen et al. 2020). These
sequencing advances have also been accompanied by analytical advances in the discovery and
application of outlier loci; (loci that yield statistically elevated population differentiation and are
putatively under selection; Allendorf et al., 2010; Stapley et al. 2010; Whitlock and Lotterhos
2015; Gagnaire et al. 2015). Outlier loci have the potential to aid conservation efforts through
characterizing patterns of adaptive variation in species of conservation concern. They also often
allow for high resolution differentiation of populations and provide enhanced power for
population assignments at fine geographic scales (Nielsen et al. 2012; Gagnaire et al. 2015). This
increased assignment accuracy has numerous applications in fisheries management, including
tracking cases of illegal fishing (Martinsohn and Ogden 2009) and mixed-stock analyses of
highly migratory species (Ackerman, Habicht, and Seeb 2011).
Striped bass (Morone saxatillis) is an anadromous, euryhaline, migratory teleost
indigenous to the Atlantic and Gulf coasts of the United States and Canada (Chen et al. 2020).
Within the US Atlantic range, spawning stocks are comprised of geographically separate
migratory and resident contingents. South of the Albemarle Sound (coastal North Carolina),
stocks are largely residential, with adults spending the duration of the non-spawning season in
the estuaries and coastal waters around the rivers in which they spawn. Stocks north of the
Albemarle Sound undertake a post-spawning feeding migration northward along the coastal
waters (Waldman et al. 1990; Secor and Piccoli 2007; Rothermel et al. 2020)). During the
feeding migration, summer residency, and subsequent southerly fall migration, striped bass form
a mixed fishery, which supports multiple small commercial fisheries and one of the most popular
recreational fisheries in the United States (NOAA, 2018). This mixed fishery supported large and
productive commercial fisheries for the better part of a century until populations crashed due to
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overexploitation in the early 1980’s, leading to increased restrictions on the commercial and
recreational fisheries (Boreman and Austin 1985). The result of these restrictions was the
recovery of the larger stocks (Chesapeake Bay and Hudson River) by the mid-1990’s, and the
recovery of all populations by 2003 (ASMFC 2003). Spawning populations also occurred in
Canadian rivers throughout New Brunswick and Nova Scotia draining into the Bay of Fundy,
along the Northumberland Strait, and in the St. Lawrence River. Anthropogenic pressures such
as overfishing and dam building (Douglas et al., 2003; Dadswell et al. 2018), caused these
Canadian populations also to decline. The closure of commercial fisheries and restriction to the
recreational fisheries enabled the recovery of the Miramichi and Shubenacadie Rivers naturally,
and the St. Lawrence River was restored using Miramichi-origin broodstock (Robitaille, Canada,
and Department of Fisheries and Oceans 2011).
The population genetic structure of migratory striped bass spawning stocks has been
investigated over the past four decades using number of molecular techniques. Restriction length
polymorphisms (Wirgin et al., 1990), microsatellites (Robinson et al., 2004; Gauthier et al. 2013;
Anderson, et al., 2014; I. Wirgin et al. 2020), eye lens proteins (Fabrizio, 1987), and SNPs
(Leblanc et al. 2018; LeBlanc et al. 2020) have had varying degrees of success at distinguishing
spawning populations of striped bass (Robinson et al, 2004; Anderson et al., 2014). Of these
studies, only three have included a comprehensive set of migratory populations in US waters
(Gauthier et al., 2013; Wirgin et al, 2020; Leblanc et al, 2020) and two of those also included
spawning populations from Canada (Wirgin et al., 2020; Leblanc et al., 2020). These studies
found Canadian populations to be the most distinct from one another and from the US
populations, while in the US they found regional differences among the Roanoke River,
Chesapeake Bay, and Hudson River. Within the Chesapeake Bay the studies found weak but

4

significant differences among the locations within the Bay. Wirgin et al. (2020) and Leblanc et al
(2020) found evidence of some fine scale East-West differentiation among the rivers in the
Chesapeake Bay. Gauthier et al (2013) found evidence of sub-structuring in the Bay when they
grouped the rivers into northern and southern aggregates. Importantly, Gauthier et al. (2013) did
not analyze samples from the eastern part of the Chesapeake Bay, so direct comparisons of
results from the Chesapeake Bay between the studies is not possible. The population structure
identified in these studies was based solely on neutral loci. No studies to date have explored the
effect of outlier loci on the population genetic structure of striped bass spawning populations.
Including outliers in population genetic analyses and assignment tests may provide us with the
high-resolution population structure needed to fully understand the entirety of striped bass stock
complexity. Striped bass have also been shown to exhibit a variety of behaviors, including
straying and skipped spawning (Secor et al. 2020). Secor et al. (2020) acoustically tagged 100
adult striped bass that were caught on the spawning grounds of the Potomac River. Over the
course of the four-year study, only 2 of the tagged fish visited a non-natal river, and the rivers
visited were adjacent to the Potomac River, showing straying events of striped bass are
infrequents. While straying may be rare among adult striped bass, it has been shown that even
rare dispersal events are enough to maintain genetic homogeneity among populations (Waples
1998). These rare straying events may contribute to the apparent genetic homogeneity among
striped bass spawning populations when using a small number of neutral markers.
The recovery of striped bass spawning populations in the 1990’s was a management
success story and it meant striped bass were again targeted by fisheries, albeit with new and
more stringent regulations in place. These included a complete moratorium on commercial and
recreational fishing for striped bass in federal waters (> 5 km offshore), and restricted
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commercial fisheries in state waters (Striped Bass FMP, 1981). Striped bass, however, still face a
significant amount of fishing pressure and a stock assessment completed in 2018 found that
striped bass spawning stock biomass and juvenile recruitment were below threshold levels,
indicating that populations were yet again in decline (66th Northeast Regional Stock Assessment
Workshop (66th SAW) Assessment Report, 2018.) Identifying the population genetic structure
of striped bass spawning populations and creating a genetic panel capable of river-of-origin
assignments would provide an important tool for managing the migratory striped bass stock, and
the recent declines striped bass biomass make this a timely and necessary goal.
The objectives of this study are to 1) identify the genetic population genetic structure
across the migratory range of striped bass using neutral and outlier loci, 2) perform population
assignment tests to identify the highest resolution spatial scale at which individuals can be
accurately assigned, and 3) identify an informative set of loci to be used in future mixed stock
analyses.

Materials & Methods
DNA Samples
We used DNA samples collected in previously published microsatellite and
mitochondrial DNA studies of striped bass population structure (Robinson et al. 2004, Wirgin et
al. 1993b, Wirgin et al., 2020). Samples were collected from spawning adults or age 0-1
juveniles (young of the year) from the major spawning rivers across the migratory range of
striped bass in US and Canadian waters, including the Roanoke River, four locations with the
Chesapeake Bay (Potomac, Patuxent, Choptank, and the Upper Bay), the Delaware, Hudson,
Kennebec, Shubenacadie, and Miramichi Rivers (Figure 1). We also included a collection of
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Shubenacadie River samples from the study of Kenter et al. (2018). The samples were obtained
from individuals that were caught in the wild as juveniles and then reared to adulthood in a
hatchery to be used for breeding in an aquaculture setting. Samples comprised two time periods –
1989-1998 and 2010-2016. All rivers, except the Delaware, were sampled in the early time
period. Three locations – Upper Bay, Hudson, and Shubenacadie – were sampled in both time
periods, which allowed us to evaluate the temporal stability of genetic structure (see Table 1 for
full sampling information). In total we obtained 486 DNA extracts, with a minimum of 20
samples per collection (location by year). DNA concentrations were determined using a Qubit
3.0 (Life Technologies Inc., Grand Island, NY) and then normalized to a target concentration of
50 ng/uL for library preparation. Samples <10 ng/uL were not included in library preparation.
Library Preparation and Sequencing
Thirty-seven individuals did not meet the DNA quantity threshold to be included in
library preparation. We prepared 3 pooled sequencing libraries for 449 samples following the
3RAD protocol as described in Graham et al. (2015), with one modification: we size-selected for
650-850 bp fragments on a Blue Pippin (Sage Science, Beverly, MA). We determined the
concentration of each index group using a Qubit and the average fragment length using a
TapeStation 2200 (Agilent, Santa Clara, CA). We calculated the molar concentration of each
index group, normalized and then pooled groups, resulting in 3 libraries that were submitted for
sequencing at Novogene Corp (Novogene, Sacramento, CA) on an Illumina Hi-Seq X with PE
150 chemistry. After sequencing we removed the Patuxent samples from downstream analyses
because there were only 11 individuals, while every other location had a minimum of 20. This
resulted in a total of 438 individuals with sequence data that were retained for population genetic
analyses.
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Filtering and SNP Calling
We used FastQC 0.11.5 (Babraham Bioinformatics 2007) to assess read quality before and after
trimming and quality filtering. We used the process_radtags module in Stacks 2.4 (Catchen et al.
2013) to demultiplex, trim reads to 140 bp (-t), discard reads with a phred quality score less than
10 (-q), remove reads with an uncalled base (-c), and discard reads with adapter contamination
and those failing Illumina’s purity filter as failing (--adapter_1(_2), --filter_illumina). We
aligned reads to the striped bass reference genome (RefSeq accession GCF_004916995.1) using
Bowtie2 2.4.1 (Langmead and Salzberg 2012) and used Samtools 1.10 (Li et al. 2009) to remove
reads with multiple alignments. We used the gstacks module in Stacks 2.4 to identify SNPs and
genotype each individual and the populations module to create a VCF file for filtering.
We developed four SNP datasets, with different filtering criteria, to use in downstream
analyses. We used populations or VCFTools (Danecek et al. 2011) to complete SNP filtering
steps. The first dataset was developed to retain the maximum number of variants for population
assignment tests and SNP panel development, hereafter the “Assignment Dataset.” It consisted of
both neutral and outlier SNPs because the latter have been shown to have high power to assign
individuals back to their population of origin (Russello et al., 2012; Ackerman et al., 2011; Jorde
et al., 2018). We set the minimum minor allele count threshold at 3 (--min_ mac), required SNP’s
to be present in at least one population (-p), and required SNP’s to be genotyped in at least 70%
of individuals in a population (-r). In order to remove paralogs and null alleles, we filtered any
SNP that deviated from Hardy-Weinberg Equilibrium (HWE) with a p-value < 0.00001. Finally,
we kept only one SNP per locus (--write-single-snp) to remove any SNPs in linkage
disequilibrium.
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To create the next three datasets, we applied more stringent filtering to the Assignment
Dataset. First, we removed SNPs missing from more than 50% individuals across the entire data
set (-R). This resulted in our Full Stringent Dataset. We then developed a Neutral Dataset, to
explore neutral population structure among our spawning populations. To do this, we identified
and removed putatively adaptive loci from the Full Stringent Dataset. We attempted to identify
outlier loci in the Full Stringent Dataset using two different methods. First, we used PCAdapt
(Luu et al., 2017) in R 4.0.3 (R Core Team 2020). This approach uses a hierarchical factor model
with K latent factors to estimate the neutral underlying population structure and identify loci that
may be excessively linked to this structure and therefore potentially under selection. We
determined the optimum K-value to retain for the analysis by considering both the scree plot and
PCA plots produced by PCAdapt. An optimum K-value of 6 was chosen because it was at this
value on the scree plot that eigenvalues stopped corresponding to population structure and there
was no apparent population structure in the PCA plots. To control for false discoveries, p-values
were transformed into q-values using the R package Q-value (Storey et al, 2021). Loci with qvalues ≤ 0.05 were assumed to be significant outliers. We also used OutFLANK (Whitlock and
Lotterhos 2015) to identify potential outliers. OutFLANK estimates the distribution of FST values
at neutral loci by fitting the data to a chi-square distribution after trimming excessively high and
low FST values, as these loci may be under selection. The empirical untrimmed data are then
compared to the chi-square distribution and outliers are identified as those outside the expected
distribution. We thinned our dataset to 1 SNP per 10 kb window and used the remaining SNPs to
obtain the chi-square distribution. Again, any loci with a q-value ≤ 0.05 were considered
significant outliers. OutFlank did not identify any outliers in the Full Stringent Dataset. We
removed the outliers identified by PCAdapt to create a putatively neutral SNP data set, hereafter
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“Neutral Dataset”. The loci identified by PCAdapt as outliers were also retained as the “Outlier
Dataset”.
Genetic Diversity
The Neutral Dataset was used to derive metrics of genetic diversity for striped bass
sample collections. We used Genodive (Meirmans 2020) to calculate expected and observed
heterozygosity (He & Ho, respectively) and inbreeding coefficients (Gis). The relatedness2
function in VCFtools was used to identify full sibling pairs identified with a probability of 0.25.
We identified 5 possible full sibling pairs, four in the Shubenacadie River and one in the
Choptank River; one individual from each pair was removed from all data sets.
Population Structure
We used the Full Stringent, Neutral, and Outlier Datasets in the population genetic
structure analyses, as follows. We used the Neutral Dataset to calculate pairwise FST among
sampling rivers and performed significance testing with 10,000 permutations in Genodive and
corrected for multiple tests using Myriads (Carvajal-Rodríguez 2018). We used the R packages
Adegenet (Jombart 2008) and Ade4 (Dray and Dufour 2007) to perform an individual-based
Principal Component Analysis (PCA) to identify the genetic differences among individual
samples, and used ggplot2 to visualize the results.
We used Adegenet to perform a discriminant analysis of principal components (DAPC)
to evaluate genetic differentiation and to determine if there were any differences in the clustering
power of the Neutral and Outlier Datasets. We compared DAPCs run with and without a priori
groupings based on sampling location (Quéméré et al. 2016; Viengkone et al. 2016). For DAPCs
without a priori groupings, we used the function find.clusters to determine the optimal number of
clusters in our dataset, using 1-20 assumed clusters. We chose the number of putative clusters
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with the lowest Bayesian information criterion (BIC) value to evaluate population groupings.
Finally, we used the xval function with 100 repetitions to determine the optimal number of PC’s
to retain without overfitting the data.
We also assessed population structure using the Baysian clustering algorithm, Structure
v.2.3.4 (Pritchard, Stephens, and Donnelly 2000) for the Neutral Dataset. We performed 10
iterations for K = 1-10 with a burn-in length of 10,000 and run length of 100,000 Monte CarloMarkov Chain generations. We employed the admixture model with correlated allele frequencies
and the locprior model (Hubisz et al., 2009). The best value of K was determined from optimum
values of lnP(D) (Pritchard et al., 2000) and delta K (Evanno et al., 2005) determined using
Structure Harvester (Earl and vonHoldt 2012), as well as by examination of the bar plots
produced using Clumpak (Kopelman et al. 2015).
We used the Neutral Dataset to test for temporal stability of population structure by
conducting an analysis of molecular variance (AMOVA) using the Pegas (Paradis 2010)
AMOVA implementation in the R package Poppr (Kamvar et al., 2014) for the locations that
were sampled in both time periods: Upper Bay, Hudson River, and Shubenacadie River. We
assessed isolation by distance (IBD) on two population groupings: all locations and only US
locations. To do this, we used a Mantel test with matrices of genetic distances and geographic
distances among spawning rivers using the R package Adegenet. We then used the Mass package
(Venables & Ripley, 2002) in R to visualize the results with a 2-dimensional density estimation,
to discern if the resulting pattern was due to consistent spatial genetic differentiation or the result
of distant and differentiated populations.
Population Assignment
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We used the Assignment Dataset to 1) assess the power of the data to correctly assign
individuals to their population of origin, 2) determine the spatial scale at which the assignment
accuracy was highest, and 3) identify the most informative SNPs in the data set to create a
genetic panel for use in future genetic stock identification analyses. We did so using two R
packages. The first, assignPOP (Chen et al. 2018) uses a supervised machine-learning framework
to implement a Monte-Carlo cross-validation procedure and principal component analysis using
training and test datasets that are independent of each other. AssignPOP allows users to test
multiple proportions of individuals from each population to be used in the training dataset, thus
allowing users to determine if training and test sample size bias assignment results. To this end,
we set the function train.inds to 0.5, 0.7, and 0.9 to use 50, 70, or 90% of the individuals from
each population in the training set. The second package, rubias (Moran and Anderson 2019),
employs Bayesian inference from a conditional stock identification model and uses the leaveone-out cross-validation method (Anderson et al.,2008) that permits stock identification accuracy
while reducing bias in reporting-unit proportions. Assignment accuracy for assignPOP and rubias
were compared to determine the accuracy of the Assignment Dataset to assign individuals back
to their population of origin.
We used the train.loci parameter in assignPOP to estimate the minimum number of
markers needed for an accurate assignment of the training set. We used the check.loci function to
create a list of the top 10% of SNP loci. We thinned our Assignment Dataset to include only
those most polymorphic loci and again tested the assignment accuracy of the loci using
assignPOP.
Results
SNP Filtering
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We obtained 652 million raw paired-end reads, with an average of 1.4 million reads per
individual. Stacks initially called 80,330 SNPs and after quality control and filtering the
Assignment Dataset contained 13,361 SNP’s and the Full Stringent Dataset contained 9,492
SNP’s. PCAdapt identified 140 outlier loci (Outlier Dataset), which were removed from the Full
Stringent Dataset to make the 9,352 SNPs of the Neutral Dataset (Table 2). The average depth
for individuals and loci was 24x and 26x for the Assignment Dataset, and 26x and 30x for the
Full Stringent Dataset.
Genetic Diversity
He and Ho ranged from 0.04 - 0.15 across spawning locations (Table 3). There were fewer
heterozygotes observed than expected in the Hudson River, and this deficiency was reflected
with a positive inbreeding coefficient (Table 3). Gis ranged from 0.014 to -0.033.
Population Structure
Pairwise FST values for the Neutral Dataset ranged from 0 to 0.151 across spawning location
pairs (Table 4). The highest values were between the two Canadian collections (Shubenacadie
and Miramichi) and the US collections, and the lowest values were among the rivers of the
Chesapeake Bay and the Delaware River (Table 4). There was no difference between the
Delaware River and the Upper Bay collections (FST = 0).
In a PCA with the Full Stringent Dataset, the first three PCs explained a total of 10.6% of
the variation seen in the data. The Canadian locations formed two separate clusters, and all the
US locations were grouped together and formed a third cluster (Figure 2A). When only US
locations were included in the analysis, the Roanoke River clustered separately from the other
US locations (Figure 2B). The clustering pattern using the Neutral Dataset was similar to that
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with the Full Stringent Dataset (Figure S1). Similarly, using the Outlier Dataset, the results were
largely the same as that of the Full Stringent Dataset, except when only US locations were
analyzed samples from all spawning locations clustered together (Figure S1D).
We used the Full, Neutral, and Outlier Datasets to explore population structure in DAPC
using spawning location as a priori groups. Using the Neutral Dataset, DAPC showed three
distinct clusters, comprised of the two Canadian locations - the Miramichi and the Shubenacadie
– separately, and all the U.S spawning locations together (Figure 3A). When locations were
plotted using Loading 3 (LD3) on the y-axis, the Roanoke River clustered separately from the
rest of the US locations and the Canadian locations (Figure 3B). When only US locations were
included in the analysis DAPC again showed 3 distinct clusters: the Roanoke River and Hudson
River were each clustered separately and the Chesapeake Bay locations and Delaware River
clustered together (Figure 4A). When locations were plotted against Loading 3, there were 2
distinct clusters: the Roanoke River again clustered separately, while the other locations formed
a second larger cluster. Within this second cluster, specifically the Potomac and Choptank Rivers
separated from each other and the other US location along LD3 (Figure 4B).
For DAPC without a priori groupings and using the Neutral Dataset, the BIC plot
displayed the lowest value at K = 4 (Figure S3). When visualized, the Roanoke, Shubenacadie,
and Miramichi Rivers all formed clusters separate from each other and from the rest of the US
locations, while the Kennebec, Hudson, Delaware, and Chesapeake locations clustered together
(Figure S4). This clustering pattern is similar to clusters generated using a priori groupings (see
Figure 3 A & B).
DAPC clustering patterns using the Full Stringent Dataset (i.e., the combination of all
neutral and outlier loci), with a priori population groupings were largely similar to the pattern
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with the Neutral Dataset (Figure S2). DAPC clustering patterns using the Outlier Dataset,
however, showed some additional population separation. The pattern with all spawning locations
was similar to the results with the Neutral Dataset for the first two PC loadings (Figure 3C).
When locations were plotted against Loading 3, however, the Choptank River clustered slightly
distinctly from the other US sampling locations (Figure 3D). There was greater separation among
populations when only US locations were included in the analysis: the Roanoke and Delaware
Rivers each clustered separately, while the Chesapeake Bay locations and Hudson River had
some overlap (Figure 4C). When plotted against LD3, the Roanoke and Choptank Rivers each
clustered distinctly, while the rest of the US locations clustered together (Figure 4D).
For the STRUCTURE analysis, both DeltaK and Ln(PD) suggested K = 6 (Figure S5
A&B). The six clusters consisted of 1) the Roanoke, 2) the Potomac, 3) the Choptank, Upper
Bay, and Delaware, 4) the Hudson and Kennebec, 5) the Shubenacadie, and 6) the Miramichi
(Figure 5).
AMOVA found no significant differences between the three temporal replicates (Phist =
0.0001, p = 0.96). Phist among populations was two orders of magnitude larger than among
temporal replicates, although among population differences were only marginally significant for
these three rivers (Phist = 0.041, p-value 0.0609). Significant IBD was found when all locations
were included (r = 0.77, p < 0.005) (Figure S6 A), but when IBD was assessed on US locations
only there was no significant pattern (Figure S6 B).
Population Assignment
Population assignment analyses using the Assignment Dataset showed high self-assignment of
individuals back to their river of origin, with largely similar results from rubias and assignPOP.
Average assignments ranged from 90-100%, except for the Kennebec, which had an average
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assignment of 42% in rubias, and 96% in assignPOP. For rubias, a majority of misassigned
individuals in the Kennebec were assigned to the Hudson River (Table S4). Assignment accuracy
was 90% or better for all populations and all proportions of individuals tested (50%, 70%, 90%)
(Table S3). There was no apparent bias in sample size, so we report results using the 70%
proportion of individuals for visualization.
Assignment accuracy was similar for all proportions (10-100%) of loci used, across 30
iterations, with mean accuracies of 91-97% (Table S3). To identify a panel of the most
informative SNPs, we conducted further assignment tests with 1, 2.5, 5, and 10% of the highest
FST loci. We found that assignment accuracy using 1 and 2.5% of loci was variable across
populations (2-98% accurate; Figure 6). Accuracies for 5% and 10% loci were largely similar,
except for the Kennebec, which had 88% correct assignment for 5% loci and 95% correct loci for
10% loci. All populations had an assignment accuracy greater than 90% using the 10% of the
highest FST loci. We identified these high-resolution SNPs for use in an “Assignment Panel”.
Discussion
Delineating genetic stock structure of anadromous species in the face of gene flow (due to
straying) can be challenging (McLean and Taylor 2001),and it is now more feasible due to
modern sequencing technologies and associated genomic tools (Sutherland et al. 2021). These
high-resolution techniques can also identify informative loci to advance our understanding of a
species’ response to anthropogenic change, their distribution, and how different stocks mix at
sea. These goals are best advanced through consideration of genetic patterns derived from both
neutral and putatively adaptive regions of the genome (Funk et al. 2012; Allendorf et al., 2010;
Gagnaire et al. 2015). Here, we identified 9,492 SNP loci from which we developed multiple
datasets consisting of neutral, outlier, and a combination of the two types of loci, to explore the
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population genetic structure of striped bass within the migratory range of US and Canadian
waters. Neutral loci confirmed patterns of population structure identified in prior studies (Wirgin
et al., 2020; Leblanc et al., 2020), while outlier loci identified finer-scale genetic differences than
previously found. A panel of 13,361 discriminatory SNPs (both neutral and adaptive) provided
high resolution population assignment (≥89%) of striped bass to their river of origin – a higher
resolution than has been possible to date. These findings and genetic resources will facilitate
fine-scale management of the coastal mixed fishery of striped bass in US waters.
Population Structure
Neutral loci distinguished six genetically distinct striped bass populations across the
migratory US-Canada range, consisting of the Roanoke River, Potomac-Upper Chesapeake BayDelaware River, Choptank River, Hudson-Kennebec Rivers, Shubenacadie River, and Miramichi
River. Outlier loci further differentiated striped bass that spawn in the Upper Chesapeake Bay
and Potomac River from those in the Delaware River. The Shubenacadie and Miramichi at the
northern extent of the range of striped bass, were consistently differentiated from one another
and from the US populations (FST = 0.06 – 0.151), with little to no gene flow among the
populations. In contrast to the highly differentiated Canadian populations FST values among US
locations was much lower (FST = 0 – 0.046) and supported four genetically distinct populations.
Among the US populations, the highest pairwise FST values are between the Roanoke River and
the other populations (FST = 0.025 - 0.046). Accordingly, population differentiation followed a
pattern of isolation by distance across the full migratory range – including Canadian locations,
whereas genetic differentiation was not correlated with geographic distance when only US
locations were considered. The latter suggests that the differentiation of the two Canadian rivers
drives the IBD pattern and the differentiation within US waters is finer scale, but variable. For
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example, the similarity of the Hudson and Kennebec Rivers is on a geographic scale larger than
that which separates the genetically distinct areas within the Chesapeake Bay.
The great differentiation of the striped bass in Canadian rivers compared to those in US
waters may be due to variable migratory patterns. Canadian striped bass from western Nova
Scotia and eastern New Brunswick occupy areas throughout the Bay of Fundy after spawning
occurs (Rulifson, McKenna, and Dadswell 2008) and then over winter in warmer coastal waters
and estuaries around their natal rivers (Rulifson and Dadswell, 1995). While striped bass from
the Miramichi River in New Brunswick have been seen as far as the Labrador coast (Andrews et
al. 2019), over wintering habitats occur in and around the river (Douglas et al. 2009). Canadian
striped bass are less migratory than US striped bass, making the chances the straying much less
likely, this behavior at least partially explains the differentiation we between US and Canadian
populations.
Striped bass that spawn in US rivers between the Albemarle Sound in North Carolina and
the Hudson River in New York, are highly migratory, while Canadian striped bass tend not to
venture outside of Canadian waters. While there are some instances of Canadian fish being
caught as far south as Virginia and Hudson River individuals being caught in the Bay of Fundy
(Rulifson et al., 2008; Waldman et al. 1990), these instances are rare and occurred during the
non-breeding season, so the chances of US fish contributing anything to the Canadian
populations remains rare. Movement within US waters is high, with fish from the Chesapeake
Bay undertaking yearly migrations to spend the summer in Massachusetts waters (Kneebone et
al. 2014). Theoretically, this long-distance migration would most likely lead to straying of
individuals, however Secor et al. (2020) observed the opposite and Kneebone et al. (2015) found
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rapid and direct migration to Massachusetts waters after spawning occurred, suggesting some
degree of site fidelity.
Within the Chesapeake Bay, the Choptank River on the Eastern shore was discrete from
all other populations within the Bay and from the Delaware River. This East-West differentiation
is consistent with patterns seen by both Wirgin et al. (2020) and Leblanc et al. (2020). This
differentiation could be explained by a combination of the deep channel of water that runs
through the center of the bay and the relatively high spawning site fidelity, as seen by Secor et al.
(2020). Outlier loci separated the Delaware River from the Upper Bay and Potomac River,
indicating there may be adaptive differences between the locations. Adaptive divergence has
been shown to exist in species despite geographic proximal populations and high levels of gene
flow among populations (Nielsen et al. 2009). It has also been shown that contemporary gene
flow does not override historical isolation with respect to population structure in highly vagile
species (Avise et al. 1987; Bermingham et al. 1992; Schneider et al., 1998). It is possible that
even with contemporary gene flow among the Delaware River and Chesapeake Bay that adaptive
differences have persisted. Additionally, evidence from previous studies using neutral loci found
small but significant differences between the Delaware River and the Chesapeake (Waldman and
Wirgin, 1995; Bielawski and Pumo, 1996; Gauthier et al. 2013), suggesting the genetic structure
may not be as homogenous as previously thought.
The genetic similarity of the Chesapeake Bay and Delaware River striped bass suggests
there may be contemporary or historical mixing. One thing that may be facilitating this mixing is
the Chesapeake-Delaware Canal, however, Secor et al. (2020) found the majority of fish they
tagged exited through the mouth of the bay, a pattern that was consistent over the four-year
period of the study. This suggests that the use of the Canal as a migratory pathway may not be as
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ubiquitous as previously thought. Secor et al. (2020) also found high spawning site fidelity
among the fish tagged in the Potomac River, and suggest this may be due to the propensity for
smaller fish to remain resident until of sufficient size to emigrate to ocean waters, where at that
time migration routes may become more rigidly engrained. This high site fidelity may minimize
the straying among spawning locations and could explain the fine scale differentiation we see
within the Bay and between the Bay and the Delaware River.
Movement and migration patterns of Delaware River striped bass have not been directly
assessed, so little is known about their site fidelity or demographic status. One study (Kneebone
et al., 2014) of striped bass tagged off the coast of Massachusetts found striped bass returning to
and staying on the spawning grounds of the Delaware river during spawning season. It is
possible that high spawning site fidelity has allowed the adaptive differences between the
Delaware and Chesapeake Bay to persist despite gene flow. The Delaware River striped bass
population crashed in the early 1980’s, which likely reduced its effective population size. It also
likely experienced some amount of gene flow from the Chesapeake Bay before that, the
combination of these two things is most likely the reason behind the apparent signal of panmixia
at neutral markers. However, genetic panmixia does not preclude the existence of demographic
independence (Lowe and Allendorf 2010). When populations have a low effective population
size it does not take large number of migrants to maintain signals of geneflow (Ward et al.,
1994). It is possible that the genetic similarity of the Delaware and Chesapeake spawning
locations is due to historic gene flow and that there is contemporary demographic independence
between the two. A minimal amount of contemporary gene flow could explain the differentiation
between the Delaware and Chesapeake seen at outlier loci. A more in-depth tagging study to
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explore the demographic connectivity of the Delaware and Chesapeake Bay is needed to fully
understand the current relatedness of the two and to better inform their management.
The Roanoke River is one of the most distinct US striped bass populations despite being
geographically proximal to the Chesapeake Bay. The presence of the Outer Banks likely acts as a
large barrier to geneflow between the Roanoke and more northern populations. Striped bass over
winter in shelf waters as far south as Cape Hatteras, North Carolina (Waldman et al., 2012).
Despite this, there is a lack of evidence over-wintering bass enter the Albemarle Sound, making
straying from northern-origin fish to the Roanoke an unlikely event. Roanoke striped bass do
undertake migration to waters as far north as Massachusetts, however they are age structured
migrations, so only the older, larger individuals undertake these long-distance migrations
(Callihan et al., 2014). It has also been shown that Roanoke striped bass have high spawning site
fidelity (Callihan et al., 2014). The age structured migrations and high site fidelity make it
unlikely that striped bass from the Roanoke would stray to more northern populations to spawn.
There was no discernable differentiation between the Hudson and Kennebec Rivers.
There was also evidence of some introgression of Chesapeake Bay alleles in the Kennebec.
These findings are consistent with both Wirign et al. (2020) and Leblanc et al. (2020). The
similarity between the Hudson and Kennebec Rivers is most likely explained by the stocking
program implemented by the state of Maine from 1982-1991 that introduced juvenile striped
bass of Hudson River origin to the Kennebec/Androscoggin River system (Flagg and Squiers,
1992).
Genetic Assignment
This is the first study to identify genetic markers with high resolution to assign striped
bass individuals to the river of origin. Previous population assignment tests either did not attempt
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to or were met with limited success when assigning to river of origin, due to limited resolution of
the genetic markers used in Gauthier et al. (2013) and Wirgin et al. (2020), using a panel of
microsatellite loci, grouped the rivers into reporting groups for assignment. Gauthier et al. (2013)
were able to assign 60% of unknown individuals to one of three groups: the Hudson River,
Chesapeake-Delaware, North Carolina. Wirgin et al. (2020) met with slightly better success, but
still had less than 80% reassignment for the same groupings in the US. Both Gauthier et al.
(2013) and Wirigin et al. (2020) included a group from South Carolina, however, striped bass in
South of the Roanoke River are considered and therefore do not contribute to the mixed fishery,
so we only focus on assignment from the migratory populations. Leblanc et al. (2020), using
1,256 neutral SNPs, had 53% correct reassignment to river of origin. When they used the three
groupings outlined by Gauthier et al. (2013) for US populations and grouped all the Gulf of St.
Lawrence populations together improved the assignment rates considerably, 99% of striped bass
assigned with more than 80% confidence. Here, we were able to assign individuals to their river
of origin with 89-97% accuracy using a panel of 1,300 informative SNPs, including private/rare
alleles and outlier loci, identified from our original dataset of 13,361 SNPs.
Low genetic differentiation among rivers can lead to misassignments and may indicate
that rivers should be grouped together into reporting groups. The Choptank and Potomac had
four and two misassignments, respectively, to the Delaware River, and the Upper Bay had one
misassignment to the Delaware and Shubenacadie each. The Kennebec River had the most
misassignments at 24. Seventeen of the misassignments were to the Hudson River, while seven
were to the Upper Bay. These results were similar to Leblanc et al. (2020) who grouped the
Kennebec with the Hudson River. These poor assignment results were obtained using rubias,
while assignPOP had no issue assigning fish to the Kennebec River. It is possible that rubias
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cannot discriminate between populations with a large amount of admixture, as stated in Leblanc
et al. (2020). Given the Kennebec’s relatedness to the Hudson River and that it is likely does not
contribute a great deal to the mixed fishery, we recommend grouping the two together in future
mixed stock analyses.
Due to the challenges of accurate river of origin assignments, little is known to date about
mixed stock composition of the coastal US striped bass fishery. Previous genetic mixed stock
analyses consistently found that Chesapeake Bay origin fish made up the majority of fish caught
in the mixed fishery, while Hudson River fish made up a smaller proportion (Fabrizio 1987;
Wirgin et al. 1997; Waldman et al., 2012). These studies highlighted the contribution of the two
largest populations, the Chesapeake Bay and Hudson River, to the striped bass mixed stock
fishery but were limited in resolution by their genetic markers. A higher resolution panel would
have multiple benefits. First, we could determine the contribution of rivers to mixed stock fishery
instead of broad geographic groupings, including determining the contribution of the Roanoke
and Delaware Rivers, which has not been done before. Second, having the ability to distinguish
among spawning locations could allow for more targeted management actions and monitoring.
Finally, it could be used to identify migration patterns and extents (Harvey et al. 2019; Krueck et
al. 2020), which could help managers identify if/when range expansions are happening.
As outlined previously, striped bass in the Roanoke River undergo an age-structured
migration (Callihan et al., 2014). In iteroparous species, the larger individuals, specifically large
females, contribute more to breeding success and juvenile recruitment than younger fish.
However, it is these large, highly productive fish that are migrating to northern waters,
potentially becoming the target of recreational and commercial fisheries. While the Roanoke
River striped bass population has been shown to be relatively stable (Lee et al., 2020), there is a
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chance the unknown and disproportionate targeting of these large fish could negatively affect the
productivity of Roanoke River striped bass. Having the ability to accurately determine the
contribution of the Roanoke to the mixed fishery may help prevent future population declines.
Overall, our SNP panel constitutes a significant improvement in the spatial scale of assignments
over previous studies and can be used as a highly accurate genetic tool for future genetic stock
identification studies.
Conclusions
Striped bass exhibit variability in their migratory behavior, including straying among
rivers and skipped spawning (Callihan et al., 2015; Kneebone et al., 2014, Gahagan et al., 2015,
Secor et al., 2020). Nonetheless, discernable genetic differences exist among spawning
populations using both neutral and outlier loci, suggesting finer-scale structuring than previously
demonstrated. The differentiation of the Delaware River at outlier loci suggests that there are
adaptive differences between it and the Chesapeake Bay, despite geneflow between the two. Our
study is the fourth to show differences within the Chesapeake Bay complex (Wirgin et al, 2020;
Leblanc et al., 2020; Gauthier et al., 2013). Thus despite geneflow there are fine scale differences
in the Chesapeake Bay. It is important that management actions are tailored to this fine spatial
scale (Cadrin and Secor 2009; Reiss et al. 2009; Kovach et al. 2010). Our study also highlights
the importance of incorporating outlier loci and rare variants into population genetic analyses, as
they can help elucidate subtle patterns of differentiation. The population genetic structure is
temporally stable and the level of differentiation, while not large, is sufficient to assign
individuals to river of origin. The panel of genetic markers developed in this study provide a
high-resolution tool for accurate mixed-stock analyses and other management applications that
will prove useful in light of the recent population declines of striped bass.
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Table 1: Locations, collection dates, previous publications that used samples, gear type, and age for specimens from where spawning
and YOY striped bass were sampled. Sample sizes are provided for the number of samples included in genetic analyses.

Site

Collection Date

Publication

Gear Type

Age

Final Number

Roanoke River

1989

Wirgin et al., 2020

Angling

Adult

20

Potomac River

1989

Wirgin et al., 1993(b)

Gill Net

Adult

35

Patuxent

1997

Wirgin et al., 2020

Beach Seine

YOY

0

Choptank River

1989, 1992

Wirgin et al., 1993(b)

Gill Net

Adult

43

Upper Bay

1989, 2016

Wirgin et al., 1993(b),

Gill Net

Adult

81

Wirgin et al., 2020

25

Delaware River

2010

Wirgin et al., 2020

Electrofishing

Adult

39

Hudson River

1989, 2015

Wirgin et al., 1993(b),

Haul Seine

Adult

88

Beach Seine

YOY

42

Wirgin et al., 2020

Beach Seine, Wild

YOY

59

Kenter et al, 2018

Caught Hatchery

YOY

31

Wirgin et al., 2020
Kennebec River

1995

Shubenacadie River

1997-98, 2014

Adults
Miramichi

1997, 1998

Robinson et al. 2004

Beach Seine

Total

438

Figure 1: Locations from where striped bass were sampled in the 1990’s and 2010’s in the US
and Canada. Note samples from the Patuxent were not included in analyses, due to low sample
size.
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Table 2: Results of the filters used sequentially to create the final SNP datasets.

Assignment Dataset
SNP’s Identified
Minor Allele Count
SNP’s in 1 population and 70% individuals
Hardy-Weinberg Equilibrium

80,330
34,226
15,329
13,361

Linkage Disequilibrium: Single SNP per locus

13,361

Full Stringent
Dataset

SNP’s missing from 50% individuals

-

9492

Outlier SNP’s
Neutral SNP’s

-

-

Outlier Dataset

140
-

Neutral Dataset

9,352
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Table 3: Observed and Expected heterozygosity’s (Ho, He), and inbreeding coefficient (Gis)
striped bass spawning locations.
Ho
He
Gis
Roanoke

0.147

0.149

0.014

Potomac

0.137

0.136

-0.009

Choptank

0.144

0.141

-0.025

Upper Bay

0.152

0.145

-0.052

Delaware

0.145

0.144

-0.011

Hudson

0.098

0.095

-0.03

Kennebec

0.043

0.042

-0.023

Shubenacadie

0.113

0.111

-0.019

Miramichi

0.086

0.084

-0.033
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Table 4: Pairwise FST values among striped bass sampled in spawning rivers. Values with * have a p-value < 0.05

Roanoke
Potomac
Choptank
Upper Bay
Delaware
Hudson
Kennebec
Shubenacadie
Miramichi

Roanoke
-0.026*
0.036*
0.026*
0.025*
0.031*
0.046*
0.137*
0.151*

Potomac
-0.010*
0.002*
0.001*
0.011*
0.010*
0.124*
0.136*

Choptank

-0.005*
0.004*
0.021*
0.013*
0.133*
0.140*

Upper Bay

-0.000
0.012*
0.007*
0.118*
0.122*

Delaware

-0.012*
0.009*
0.125*
0.133*

Hudson

-0.005*
0.100*
0.121*

Kennebec

-0.060*
0.103*

Shubenacadie

-0.149*
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Figure 2: Principal Component Analysis plots of striped bass samples collected at 9 spawning locations (rivers) A) all spawning
locations and B) only US spawning locations. Dots are individual samples, and colors correspond to the sampling locations.

Table 5: Assignment results of striped bass sampled from nine spawning rivers in rubias and
assignPOP. Individuals were considered assigned to a location if they had an assignment score of
90% or better.
rubias
Roanoke
1.00
Potomac
0.94
Choptank
0.90
Upper bay
0.97
Delaware
1.00
Hudson
1.00
Kennebec
0.42
Shubenacadie
0.98
Miramichi
0.96

assignPOP
0.92
0.92
0.89
0.97
0.97
0.97
0.96
0.96
0.96
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Figure 3: DAPC plot of striped bass from nine spawning locations in US and Canadian rivers using 9,352 neutral SNPs and 140 outlier SNPs. A) and B) depict
clustering patterns using neutral SNPs. C) and D) depict clustering patterns using outlier SNPs. In A) and C) the X-axis = LD1 and Y-axis LD2, while in B) and
D) the X-axis = LD1 and Y-axis = LD3
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Figure 4: DAPC plot of striped bass from seven spawning locations in the US using 9,352 neutral and 140 outlier SNPs. A) and B) depict
clustering patterns using neutral SNPs, while C) and D) depict clustering patterns using outlier SNPs. In A) and C) the X-axis = LD1 and Y-axis =
LD2, while in B) and D) the X-axis = LD1 and Y-axis = LD3

Figure 5: Structure clustering results from nine striped spawning locations for K = 6 population clusters. Each vertical bar represents
an individual sample, and the different colors represent the contribution of each K genetic cluster to each samples genotype. The black
bars and numbers along the top indicate the dominant cluster to which each location was assigned.
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Figure 6: Assignment accuracy from nine striped bass spawning locations using 13,361 SNPs in AssignPop. Results are shown for 10,
5, 2.5, and 1% of the highest FST loci in the dataset. Colors represent the different proportions of loci used in the analysis, and box
plots portray medians (thick black line), interquartile range (ends of boxes), and outliers (black dots).
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CHAPTER 2
SEQUENCE CAPTURE BAIT PANEL DEVELOPMENTFOR MIXED STOCK ANALYSIS
Introduction
The unique life history characteristics of anadromous fish – accurate natal homing,
localized spawning, and use of relatively safe freshwater habitat for spawning and highly
productive ocean waters for growth – provided resilience in historically intact ecosystems.
These same characteristics, however, make them vulnerable in human-impacted systems
(Waldman et al. 2016). Risks are greatest during the migratory phase, where individuals
originating from multiple spawning locations occur together along the coast and mix to form a
mixed-stock fishery. Mixed fisheries pose significant challenges for the conservation and
management of migratory species (Utterman and Ryman, 1993; Schindler et al. 2010). These
fisheries target stocks indiscriminately and often to an unknown degree, which can lead to
disproportionately higher rates of exploitation of smaller stock components and threatened or
endangered populations (Pella and Robertson 1979). Determining stock-specific contributions in
mixed-stock harvests is central to the effective management of exploited species.
Traditionally, a number of methods have been used to perform mixed stock analyses
including tag returns (Reddin et al. 2012), morphometrics (Reddin and Friedland 1999), otolith
shape or micro-chemistry (Secor et al. 2001; Jónsdóttir et al., 2007), and, more recently,
molecular markers (Bekkevold et al. 2015; Bradbury et al. 2015).The use of molecular markers
for mixed-stock assessments has grown with significant technological advancements in genome
sequencing, and genomic based stock discrimination methods are now commonly used for
marine (Harris et al. 2016; Bradbury et al. 2016; Dahle et al. 2018), anadromous (Beacham et al.
2019), and freshwater (Euclide et al. 2021) fishes to inform fisheries management.
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Striped bass (Morone saxatilis) are the target of one of the most popular mixed fisheries
in the United States. The native range of striped bass stretches from the Gulf of Mexico north
into Canada, terminating at the St. Lawrence River. Spawning populations within this native
range can be divided into two contingents. US populations south of the Albemarle Sound in
North Carolina are considered to be residential (Boreman and Lewis, 1987) and stay in the
estuaries and coastal waters around the rivers in which they spawn. Populations north of the
Albemarle Sound, however, are migratory. Striped bass in these locations undertake a northerly
spring feeding migration after spawning into coastal waters throughout the northeastern US. In
the fall they undertake a southerly migration to over-winter at the southern end of the midAtlantic Bight. It is during these migratory and over-summering phases when striped bass are
targeted by both commercial and recreational fisheries.
The composition of mixed coastal aggregations of Atlantic coast striped bass has been a
topic of interest for decades. Studies have used mitochondrial, microsatellite, single-copy nuclear
DNA probes, and eye lens proteins to characterize these aggregations across the migratory range
(Fabrizio, 1987; Wirgin et al., 1997; Waldman et al., 2012). With one exception (Leblanc et al.,
2020), these studies have been hampered by resolution and only had the power to reliably
identify the source of individuals from the largest spawning populations in the US., the
Chesapeake Bay and the Hudson River. Additionally, prior work has focused on a single
location, at a single time point. Further, the markers used in these studies limited the numbers of
samples researchers could process due to the high cost and the time involved in calling
genotypes.
Targeted sequence enrichment refers to a group of molecular technologies that are
designed to isolate specific regions of the genome for subsequent sequencing. By targeting
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specific regions rather than surveying the entire genome or random fragments researchers can
improve sequencing depth and reduce cost by multiplexing samples. Hybridization-based
sequence capture is one type of targeted sequence enrichment. The scale of capture can range
from hundreds to over a million targeted regions making it adaptable for small or large-scale
projects. One of the primary approaches for sequence capture involves hybridizing target DNA
sequences to complimentary RNA-baits. The regions of interest are then isolated and enriched
for sequencing, while the non-target regions are washed away.
Sequence capture has largely been used to answer phylogenomic questions (Jiang et al.,
2019) but it is starting to be used in other areas, including studying population genetic structure
(Hoffberg et al., 2016; Ali et al., 2016), population genomics (Souza et al., 2017), movement
ecology and parentage (Sard et al. 2020), and aquaculture (Guppy et al., 2020). One reason for
this expansion, is due to the pairing of sequence capture with other NGS techniques, like
restriction-site associated DNA sequencing (RAD-Seq). In this technique, DNA is fragmented by
restriction enzymes and the resulting RAD fragments are the targets of the RNA-baits. The
targeted RAD fragments contain single nucleotide polymorphisms (SNPs) identified in previous
studies. There are currently two methods for conducting this type of sequence capture, RAD-Cap
(Hoffberg et al., 2016) and Rapture (Ali et al., 2016). While the sequence capture part of the
protocol is the same between the two methods, they differ in the method and cost of RAD library
preparation. Using a RAD sequence capture approach, researchers can target more loci of
interest than with SNP arrays, which could improve the resolution of population assignments to
finer geographic scales. By only targeting RAD fragments of interest, the fraction of the genome
that is sequenced can be reduced to less than 1%, which means thousands of individuals can be
sequenced on a single lane of sequencing. This makes these methods particularly well suited for
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fisheries management applications, such as mixed stock analysis, because genomic resources for
many exploited species currently exist or are being developed, and information from hundreds to
thousands of individuals are needed to provide adequate information for managers.
Using SNP loci that I identified from RAD Sequencing in Chapter 1, I developed a
sequence capture panel containing 1,249 single nucleotide polymorphisms (SNPs) for mixed
stock analysis of striped bass harvests sampled in 2018 and 2019 across 4 geographic regions:
New York, Rhode Island, Massachusetts, and Maine/New Hampshire. These harvests represent a
large portion of the migratory path of striped bass and include areas of the heaviest fishing
pressure experienced by striped bass.

Materials and Methods
Sample Collection
We enlisted the help of more than three dozen fisherman and agency personnel to collect
fin clips from striped bass caught during the 2018 and 2019 fishing season from May-November.
The fishing season for striped bass coincides with the feeding migration of striped bass. Samples
were collected in four main geographic regions: New York (NY), Rhode Island (RI),
Massachusetts (MA), and Maine and New Hampshire (ME/NH). Collaborators were given
sampling kits that included tubes of 95% ethanol for fin clip preservation, surgical scissors for
fin clipping, forceps, and pencil and “Write in the Rain”® notebook for recording information.
They were asked to record the tube number, length of the fish, date, and general location of the
catch. Fin clips were mailed back to the University of New Hampshire, where they were
organized and cataloged for future steps.
DNA Extraction and Quantification
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I extracted DNA from the fin clips after the end of each season. I used the E-Z 96 Tissue
DNA Kit (Omega BioTek, Norcross, GA) and followed the manufacturers protocol for tissue
samples. DNA concentrations were quantified using the Quant-iT dsDNA Broad-Range Assay
Kit (Invitrogen, ThermoFisher Scientific) and a BioTek Gen5 microplate reader (BioTek,
Winooski, VT).
Bait Panel Development and Validation
I developed the bait panel based on RAD-Seq data generated in Chapter 1. The panel
included outlier loci and private alleles and yielded high accuracy population assignment to the
river of origin (89-97% self-assignment). I used the check.loci function in the R package (v.
4.0.3, R Core Team, 2020) assignPOP (Chen et al., 2017) to identify the top 10% of SNPs within
the data set. We then used seqtk (https://github.com/lh3/seqtk) to create a fasta file of the target
RAD-tags and VCFTools (Danecek et al., 2011) to filter out all but the target SNPs. We
submitted 1,298 SNP loci to Daicel Arbor Bioscience (Ann Arbor, MI) for bait synthesis. To
minimize bait-to-bait hybridization loci were blasted against the striped bass reference genome
(RefSeq accession GCF_004916995.1) and subjected to self-analysis and a same strand selfanalysis using blast. Multiple baits were designed for each RAD-tag and baits were filtered by
hybridization melting temperature. Baits were retained if they had at most 10 blast hits 62.5 – 65
degrees C Tm, and matched regions of the genome that were <= 30% soft masked for repeats.
The baits were developed to be 80 nucleotides long with an average GC content of
39.3%. Baits targeted all RAD-tags, instead of just around the SNP location, to increase the
likelihood of the desired target being captured. The initial number of baits designed was 11,288
and after filters were applied, 7,645 baits targeting 1,249 SNP loci remained. I used the bait
panel to determine assignment accuracy using assignPOP. To determine the accuracy of the bait
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panel in a mixture analysis, I ran a mixture simulation in rubias (Moran and Anderson, 2018).
Rubias uses the leave-one-out approach of Anderson et al. (2008) in order to assess the accuracy
of a genetic panel to assign individuals to a reporting unit. I designated each river as a reporting
unit and ran the simulation with a mixture size of 500 with even proportions of individuals from
all locations. Simulations were repeated for 100 iterations and used the resampling approach of
cross-validation over gene copies (Anderson et al., 2008). Results were visualized using ggplot2
(Wickham, H., 2016) in R.
Population Genetic Analyses
To ensure the bait panel provided high resolution population assignment and that genetic
differentiation patterns matched those found using the full set of SNP markers (Chapter 1), I
performed basic population genetic analyses. First, I used Genodive (Meirmans 2020) to
calculate the pairwise-FST among nine striped bass spawning populations from the US. and
Canada. I used the R package Adegenet (Jombart, T., 2008) to run a discriminant analysis of
principal components (DAPC) using the 1,249 bait panel SNPs. I ran the analyses using
spawning rivers as a priori for spawning locations and separately, for just US. spawning
locations.

Results
Sample Collection
Fisherman collected 2,110 samples in 2018, with 448 from ME/NH, 1065 from MA, 194
from RI, and 403 from NY. In 2019 3,230 samples were collected, with similar sizes as 2018
from ME/NH (439) and MA (1,117), and larger samples sizes from RI = 1,060, and NY = 614.
Population Genetic Analyses
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Pairwise FST values ranged from 0.001 to 0.163 across spawning locations (Table 1). The
highest values were between the two Canadian populations and US populations. The lowest
values were among the populations within the Chesapeake Bay. Patterns of FST differentiation
match those seen using the full neutral dataset (Chapter 1) and confirms that the markers in the
Assignment Panel are representative and high resolution.
DAPC with the Assignment Panel showed similar results to those obtained with the full
SNP dataset in Chapter 1. When all populations were included in the analysis, there were three
distinct clusters: two corresponded to the Canadian populations, and one to the US. populations
(Figure 1A). When the Canadian populations were removed from the analysis, the Roanoke
clustered separately from the other US. populations (Figure 1B). The Hudson and Choptank
Rivers both formed separate clusters, while the remaining clusters all overlapped (Figure 1B).
AssignPOP showed high assignment accuracy for all populations using the assignment
panel. Accuracies ranged from 88-98% reassignment of individuals to river of origin (Table 2).
Mixture simulations in rubias showed a high assignment accuracy for seven of the nine
populations ranging from 83 -100% assignments (Table 3 & Figure 2). The lowest assignment
rates were the Kennebec (39%) Potomac (69%) Rivers. It is possible that the differences between
the assignment accuracies of the two programs, rubias and AssignPOP, is due to the underlying
assumptions of the models and the admixed nature of some of our populations (Eric Anderson,
personnel communication). The model in rubias assumes Hardy-Weinberg Equilibrium and no
Linkage Disequilibrium within the separate populations. If a population is admixed between two
groups that are related genetically (i.e., the Kennebec) this will violate the assumptions and can
affect the assignment results. AssignPOP uses principal component analysis (PCA) for
dimensionality reduction and is not based on an underlying genetic model. This means there are
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no assumptions to violate, and it may provide more reliable results than rubias in the face of
admixture.
Discussion
Identifying the composition of a mixed stock fishery can lead to more targeted
management actions and can help to avoid issues such as over-exploiting small or threatened
stocks (Pella and Robertson 1979). Traditionally, methods for conducting mixed-stock analyses
have varied and include techniques such as acoustic telemetry, morphometrics, and otolith
micro-chemistry (Reddin and Friedland 1999; D. Secor et al. 2001; Kneebone et al. 2014),
however the most widely used method for conducting mixed-stock assessments are molecular
markers. New molecular techniques provide several benefits over more traditional methods.
They allow for sampling a large number of individuals, are relatively easy to use, are costeffective, and can be done in real-time to provide immediate results. I created dataset of 1,300
highly informative single nucleotide polymorphisms (SNPs) and demonstrated their ability to 1)
differentiate among striped bass spawning locations, 2) provided highly accurate population
assignment to river of the river of origin, a spatial scale not seen before, and 3) their utility for
conducting mixed-stock analyses.
Results from Chapter 1 showed that the original dataset consisting of 13,362 SNPs had,
Pairwise Fst analysis and DAPC both showed the panel of SNPs chosen for bait design had as
much power to differentiate among populations as the original dataset that consisted of 13,361
SNPs (Fst = 0.001 – 0.163 vs. 0.00 – 0.151, Figure 1). Similarly, the results from the population
assignment test showed that we could assign individuals to a river of origin with 88-98%
accuracy with the SNPs from the bait panel. Lastly, mixture simulations in rubias showed the
power of the bait panel to assign individuals to a spawning river of origin was high for most
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rivers (> 80%). The exceptions to this were the Kennebec and Potomac Rivers (39% and 69%,
respectively), however, this may be because the underlying genetic models in rubias may not be
able to differentiate among populations with large amounts of admixture (Eric Anderson,
personal communication). These results show that we only need a fraction of the original dataset
to conduct to accurate mixed-stock analyses. This indicates that a much smaller fraction of the
genome will be targeted and sequenced, which will allow me to processes may samples at the
same time. This alleviates one of the constraints of sequence capture where the more loci that are
targeted, the fewer samples that can be pooled into a single reaction and onto a single lane of
sequencing. These results show that this panel of SNPs can be a powerful and cost-effective tool
for conducting mixed-stock analyses.
Previous mixed stock analyses conducted on striped bass focused on identifying whether
individuals came from the largest contributors to the mixed stock, the Chesapeake Bay or
Hudson River, and they focused on a single time point (Fabrizio 1987; Wirgin et al. 1997;
Waldman et al., 2012). While there is evidence that striped bass over-summer in the same region
yearly in Massachusetts (Kneebone et al., 2014), it is not known if this pattern holds true in other
areas, or if the composition of the mixed stock changes over time. Striped bass DNA samples for
my study were collected in 2018 and 2019 in order to identify the mixing proportions within the
four regions that were sampled (ME/NH, MA, RI, NY). My sampling scheme encompassed a
long sampling period (4-6 months) and within each sampling region there are sub-regions where
samples were consistently collected over the entire sampling period (Figure 3). The geographic
(Figure 3) and temporal (Table 4) breadth of the mixed stock sampling will allow me to conduct
mixed stock analyses by location and by season. From this I will be able to identify how the
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composition of the mixed stock might change within a year across multiple locations, thereby
providing a much clearer picture of what is occurring in the striped bass fishery.
Strict fishing regulations have been employed in an effort to help striped bass populations
recover from a recent decline. It is not known, however, to what extent each spawning river
contributes to the mixed fishery and therefore it is not known if some populations are
disproportionately targeted. Using the genetic bait panel I developed and validated, I will be able
to identify the composition of the mixed fishery in different locations throughout the northeast
US, and I will be able to determine if that composition changes over time within the season. This
information will then be provided to managers to allow them to make the most informed
decisions possible and make more targeted management decisions, such as closing specific
fisheries for a time so as to not over exploit one stock. Doing so will aid in the recovery of
striped bass populations in the face of current declines.
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Table 1: Pairwise FST values among striped bass sampled in spawning rivers using the bait panel.

Roanoke
Potomac
Choptank
Upper Bay
Delaware
Hudson
Kennebec
Shubenacadie
Miramichi

Roanoke Potomac
-0.015
-0.034
0.014
0.022
0.002
0.021
0.002
0.014
0.008
0.017
0.005
0.133
0.110
0.163
0.139

Choptank

Upper Bay

-0.006
0.006
0.022
0.017
0.121
0.132

-0.001
0.011
0.007
0.119
0.113

Delaware Hudson Kennebec Shubenacadie

-0.011
0.007
0.110
0.131

-0.005
0.099
0.117

-0.075
0.135

-0.139

Table 2: Assignment results of striped bass sampled from nine spawning rivers using the bait
panel in assignPOP.
Population
Roanoke
Potomac
Choptank
Upper Bay
Delaware
Hudson
Kennebec
Shubenacadie
Miramichi

AssignPOP
0.92
0.92
0.88
0.94
0.98
0.95
0.95
0.96
0.98
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Figure 1: DAPC plot of striped bass from nine spawning locations in the US and Canada, using 1,300 SNPs. A) depicts clustering
patterns when all populations are included in the analysis, B) depicts the clustering pattern when only US locations were included in the
analysis.

Figure 2: Assignment plot from rubias mixture simulations. The x-axis represents the collection
individuals were simulated from, the y-axis is mean over the MCMC of the posterior probability
that the individual originated from that reporting unit. In this case, reporting units were the
individual rivers. Number along the top indicate the number of individuals simulated over all
iterations.
Table 3: Mean assignment of simulated individuals from rubias mixture simulations (mean of
results from Figure 2).
Population
Roanoke
Potomac
Choptank
Upper Bay
Delaware
Hudson
Kennebec
Shubenacadie
Miramichi

Rubias
1.00
0.69
0.83
0.87
1.00
0.98
0.36
1.00
1.00
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Figure 3: Map of locations where striped bass were sampled in mixed stock aggregations in 2018
and 2019. Each color represents a separate sampling region, and each dot is a sampling site. The
circles represent the sub-regions within each site that will be used for more fine scale mixed
stock analyses. Sub-regions represent sites where samples were collected at multiple time points
throughout the collection period. Samples can then be grouped into “seasons” which will allow
us to track changes in composition over time.
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Table 4: Number of samples per site over the two sampling years of 2018 and 2019, and samples
per “season” within each site. The seasons will be used as the fine scale temporal component in
the mixed stock analysis, while the whole sampling period will be used for the broad scale
component.
2018
2019
Total/season
NH/ME

MA

RI

NY

Total/season

May-June

132

July-August-September

296

148
285

October-November

17

0

Total/Site

445

433

May-June

278

409

July-August-September

642

561

October-November

130

60

Total/Site

1,050

1,030

May-June

55

461

July-August-September

0

456

October-November

139

143

Total/Site

194

1,060

May-June

117

159

July-August-September

158

380

October-November

128

74

Total/Site

403

613
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Appendix A
Supplementary Figures – Chapter 1
Figure S1: PCA Plots of 9,352 neutral (A & B) and 140 outlier (C & D) SNPs. Plots A) and C)
include all populations while B) and D) are of US populations only.
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Figure S2: DAPC plot of striped bass from nine spawning locations using 9,492 SNPs, a
combination of neutral and outlier loci (the Full Stringent Dataset). A) depicts all spawning
locations, while B) depicts only US spawning locations.
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Figure S3: DAPC Bayesian Information Criterion (BIC) plot used to determine the best K with
no a priori clustering.
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Figure S4: DAPC plot using K=4 determined from BIC plot. Cluster 1: Potomac, Choptank,
Upper, Bay, Delaware, Hudson, Kennebec. Cluster 2: Shubenacadie, Cluster 3: Miramichi,
Cluster 4: Roanoke.
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Figure S5: DeltaK (A) and maximum log likelihood value (B) of STRUCTURE analysis.

A

B
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Figure S6: 2 dimensional density estimation plots of isolation by distance. For both A and B the
x-axis is Euclidian distance, and the y-axis is genetic distance. The color gradient indicates the
density of points in the area, warmer colors = more points. A) All locations included, B) US
locations only
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Table S3: Assignment accuracy from assignPOP using 50, 70, or 90% individuals in the training set and using 10, 25, 50, 75, and
100% of loci for each striped bass sampling location.

Proportion Individuals
Roanoke
Potomac
Choptank
Upper_Bay
Delaware
Hudson
Kennebec
Shubenacadie
Miramichi

0.5
0.91
0.92
0.89
0.95
0.98
0.95
0.97
0.97
0.96

10% Loci
0.7
0.9
0.92
0.90
0.92
0.95
0.89
0.97
0.96
0.95
0.97
0.96
0.95
0.96
0.95
0.98
0.96
0.96
0.96
0.98

0.5
0.91
0.92
0.89
0.95
0.98
0.95
0.97
0.97
0.96

25% Loci
0.7
0.9
0.92 0.90
0.92 0.95
0.89 0.97
0.96 0.98
0.97 0.96
0.97 0.93
0.96 0.96
0.96 0.96
0.96 0.98

0.5
0.91
0.92
0.89
0.96
0.98
0.95
0.98
0.97
0.96

50% Loci
0.7
0.92
0.92
0.89
0.96
0.97
0.97
0.96
0.96
0.96

0.9
0.90
0.95
0.97
0.98
0.96
0.93
0.96
0.96
0.98

0.5
0.91
0.92
0.98
0.95
0.98
0.95
0.97
0.97
0.96

75% Loci
0.7
0.92
0.92
0.89
0.96
0.97
0.97
0.96
0.96
0.96

0.9
0.90
0.95
0.97
0.98
0.96
0.93
0.96
0.96
0.98

100% Loci
0.5
0.7 0.9
0.91 0.92 0.90
0.92 0.92 0.95
0.89 0.89 0.97
0.95 0.97 0.98
0.98 0.97 0.96
0.95 0.97 0.93
0.97 0.96 0.97
0.97 0.96 0.96
0.96 0.96 0.98
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Table S4: Assignment results of striped bass sampled from 9 spawning rivers in rubias using the Assignment Dataset. Individuals
were considered assigned if they were assigned with a score of 90% or better. Rows correspond to river of origin and columns
correspond to assigned group.
RUBIAS
Roanoke
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Roanoke
Potomac
Choptank
Upper bay
Delaware
Hudson
Kennebec
Shubenacadie
Miramichi

Potomac

Choptank UpperBay

Delaware Hudson Kennebec Shubenacadie

Miramichi

20
33
38
79

7

2
4
1
39

1
88
17

18
54
1

1
30

% Correct
reassignment
1.00
0.94
0.90
0.97
1.00
1.00
0.42
0.98
0.96

